derived from the omega-3 fatty acids eicosapentaenoic (EPA) and docosahexaenoic (DHA) acids, are widely recognized as the most potent and together constitute a new genus of specialized proresolving mediators (SPM) (27, 28) . These SPM are capable of resolving acute inflammatory responses with minimal damage to the surrounding tissue in a variety of inflammatory scenarios (reviewed in Ref. 31) , including recent observations in amyotrophic lateral sclerosis, autoimmune Sjögren's syndrome, atopic dermatitis, and infantile eczema (16, 18, 22, 40) . A key point in the resolution process is that the same proinflammatory factors initiating the inflammatory response [i.e., prostaglandins (PGs) PGE 2 and PGD 2 ] also signal the end by stimulating the local production of SPM that actively stimulate resolution mechanisms (17) .
Adipose tissue is currently recognized as an endocrine tissue with an important homeostatic role in glucose and lipid metabolism (10, 36) . A wealth of evidence indicates that most vascular and metabolic disorders are linked to the presence of persistent unresolved inflammation in this tissue (7) . The presence of unresolved inflammation appears to be the consequence of a deregulated balance between the heightened biosynthesis of proinflammatory lipid-and peptide-derived chemical mediators [i.e., leukotriene (LT) B 4 , interleukin (IL)-6, tumor necrosis factor-␣ (TNF-␣), and monocyte chemotactic protein-1 (MCP-1)] and reduced levels of anti-inflammatory molecules such as adiponectin (8, 15) . Notably, a deficit in the biosynthesis of SPM has recently been uncovered in adipose tissues from an experimental animal model of obesity and insulin resistance (5) . These SPM have been shown to improve insulin sensitivity in obese-diabetic mice and to attenuate age-associated adiposity (4, 14, 35) . Here, we used liquidchromatography-tandem mass spectrometry (LC-MS/MS)-based metabolo-lipidomics to address this question in humans. We analyzed different adipose tissues obtained from selected anatomic locations to identify unique signature profiles and relationship(s) between pro-and anti-inflammatory lipid mediators identified within different fat depots to assess their potential pathological implications in these clinically relevant settings. In particular, we examined the profiles of lipid mediators in human adipose tissue from patients with peripheral vascular disease (PVD) progressing to clinical need for major lower extremity amputation and compared them with those obtained from control subjects undergoing elective orthopedic procedures.
and 2010-P-001343/9), 14 patients with PVD undergoing major (above knee or below knee) lower extremity amputation were included in the study. Samples were deidentified. Control subcutaneous (SC) adipose tissue samples were obtained from 12 subjects without history of peripheral vascular disease undergoing elective hip or knee replacement. Harvested adipose tissue from the amputation specimens include SC fat from the proximal portion of the amputation stump (n ϭ 13), perivascular (PV) fat (n ϭ 14) surrounding one of the major named leg arteries (i.e., popliteal, anterior tibial, posterior tibial, peroneal arteries), as well as peri-wound (n ϭ 9) and non-wound (n ϭ 7) SC foot fat from patients with concomitant open foot ulcers. Samples from the control group were limited to SC lower extremity fat. All fat samples were harvested with sharp dissection intraoperatively as soon as tissues were exposed. They were immediately snap-frozen in liquid nitrogen and stored at Ϫ80°C. Demographic and clinical data were collected from patients' electronic medical records. LM profiling was performed with these deidentified materials in accordance with Partners Human Research Committee protocol no. 1999-P-001279 for discarded materials.
Targeted lipid mediator-metabolo-lipidomics. Samples were taken for solid extraction procedures optimized for maximum recovery of lipid mediator from human tissues. Briefly, 2 volumes of cold methanol were added to the frozen adipose tissue samples and held at Ϫ80°C for 12 h for protein precipitation. Samples were then centrifuged and supernatants were collected. After removal of the organic solvent under a stream of nitrogen, samples were suspended in methanol and rapidly acidified to pH 3.5 with HCl. Acidified samples were then loaded into C-18 solid phase extraction cartridges [Sep-Pak Vac 6 ml (500 mg) C18 cartridges, Waters, Milford, MA], rapidly neutralized, and eluted with hexane (fatty acids) and methyl formate (prostaglandins, leukotrienes, HETEs, and SPM). Next, solvents were removed under a stream of nitrogen and residues were suspended in mobile phase for LC-MS/MS analyses. LC-MS/MS-based metabololipidomics was performed using linear ion trap triple quadrupole mass spectrometer MS (3200 QTRAP, Applied Biosystems, Foster City, CA) equipped with two HPLC pumps (LC-20AD, Shimadzu, Kyoto, Japan) coupled to an Eclipse Plus C18 reverse phase column (4.6 mmX50 mmX1.8 m, Agilent Technologies, Palo Alto, CA). The mobile phase consisted of MeOH:H 2O/acetic acid at a ratio of 60:40: 0.01 (vol:vol:vol) and ramped to 80:20:0.01 after 10 min and to 100:0:0.01 after 12 min. Instrument control and data acquisition were performed using Analyst 1.5 software (Applied Biosystems). Ion pairs from reported multiple reaction monitoring (MRM) methods (41) were used for identification, profiling, and quantification of bioactive lipid mediators and pathway markers. Quantification was performed using standard calibration curves for each, and recoveries were calculated using deuterated internal standards (d4-LTB 4, d4-PGE2, and d8 -5-HETE) to cover each chromatographic region.
Adipokine analyses. Proteins were isolated from the samples in ice-cold Dulbecco's phosphate-buffered saline with Protease Inhibitor Cocktail (Roche Applied Science, Indianapolis, IN), homogenized, and centrifuged (2,000 g, 5 min) to remove gross debris. The homogenates were next centrifuged once more (10,000 g, 10 min). The supernatant was then collected for quantitative protein analysis via multiple antigen flow microparticle bead assay Luminex (Luminex, Austin, TX) for key biologic mediators [i.e., IL-6, IL-8, IL-10, leptin, TNF-␣, MCP-1, adiponectin, resistin, and plasminogen activator inhibitor-1 (PAI-1)]. Quantities of the biologic mediators were normalized to total protein as determined via a Bradford protein assay. Data acquisition and analysis were conducted using StarStation software (version 2.3; Applied Cytometry Systems, Dinnington, UK).
Histology. Adipose tissue was fixed in 3.3% formalin, paraffinembedded, sectioned, and stained at the Research Pathology Core of the Dana-Farber/Harvard Cancer Center (Boston, MA).
Data analysis. To compare continuous variables between groups (e.g., diabetes, hyperlipidemia, statin use, and other categories), the Mann-Whitney U-test for nonparametric data was conducted. For comparing paired continuous variables, the Wilcoxon signed-rank test for nonparametric data was used. To assess the monotonic relationship between two continuous variables, the Spearman's rank correlation coefficient (Spearman's rho, r s) for nonparametric data was employed.
RESULTS
Demographic and clinical characteristics of the patient cohorts are listed in Table 1 . There were no statistically significant differences in age, race/ethnicity, and sex between the two cohorts of the study. As typical of major amputation patients, this represented a medically ill patient population and had a greater incidence of diabetes mellitus, coronary artery disease (CAD), and renal disease ( Table 1 ). In addition, this cohort took beta blockers at higher frequency and showed a lower overall BMI.
By means of LC-MS/MS-based metabolo-lipidomics, we first sought evidence for endogenous levels of SPM in adipose tissue from control subjects. In profiles obtained from human SC adipose tissue we identified RvD1 (7S,8R,17S-trihydroxy-4Z,9E, (26) were also identified in these tissues (data not shown).
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We next compared the profile of SPM obtained in SC adipose from control subjects with that of SC fat from patients with PVD. As shown in Fig. 1D , levels of 17-HDHA and PD1 were significantly decreased in patients with PVD. The presence of 15-HEPE was also decreased in these samples (data not shown). This reduced and/or impaired SPM level in SC fat from patients with PVD was coincident with increased MCP-1, resistin, PAI-1, and IL-10 levels (data not shown). Multiple linear regression analysis did not identify any relationship between identified adipose-tissue lipid mediator levels and adipokines, including PAI-1 and resistin (data not shown).
In addition to SPM, we also identified in human SC fat from control subjects significant levels of cyclooxygenase (COX) (PGE 2 , PGD 2 , and PGF 2␣ ) and lipoxygenase (LOX) [LTB 4 , 5-hydroxyeicosatetraenoic acid (5-HETE), 12-HETE and 15-HETE] products biosynthesized from endogenous sources of AA. LXA 4 (5S,6R,15S-trihydroxy-eicosa-7E,9E,11Z,13E-tetraenoic acid) produced during the interaction between LOX-LOX pathways (29) was also present in these fat tissues. Representative chromatograms for these are shown in Fig. 2A , and representative tandem mass spectra for 15-HETE and LXA 4 are each shown in Fig. 2C . Figure 2B shows the AA metabolome with targeted active mediators and pathway markers in the MRM targeted LC-MS/MS profiles. Compared with controls, similar levels of AA-derived COX and LOX products were observed in SC adipose tissue from patients with PVD (Fig. 2D) .
To examine whether the distribution of adipose tissuederived lipid mediators varies depending on the anatomic localization, we compared the LC-MS/MS profiles in SC and PV fat depots obtained from patients with PVD. As shown in Fig. 3, PD1, 17-HDHA, 18 -HEPE, and LXA 4 were more abundant, while levels of 7-HDHA, 14-HDHA, and 15-HEPE were diminished in PV versus SC adipose. LTB 4 levels were also increased (Fig. 3) , while no changes in PGs and 5-, 12-and 15-HETE (data not shown) were observed. By using signed rank test, 18-HEPE, the RvE1 marker, was identified as a distinct signature variable in PV versus SC fat depots (n ϭ 9). These results recognize a diverse profile of lipid mediators depending on the regional localization of adipose tissue within patients with PVD.
We next compared the profile of lipid mediators in SC fat surrounding foot wounds from PVD patients with concomitant open foot ulcers with that of non-wound SC foot fat. Representative photomicrographs of sections stained with hematoxylin-eosin and Masson's trichrome are shown in Fig. 4A . While the peri-wound SC fat samples demonstrated overt fibrosis, non-wound fat showed virtually normal adipose tissue (Fig.  4A) . Importantly, production of SPM was significantly increased in peri-wound SC fat (Fig. 4B) . Peri-wound fat also carried significantly higher amounts of LTB 4 (Fig. 4B ) and PGE 2 , PGD 2 and 5-LOX, 12-LOX and 15-LOX products from arachidonic acid (data not shown). Linear regression analysis revealed a correlation between active PAI-1 and PGF 2␣ (n ϭ pairs; Beta ϭ 1.00) in these samples.
Patients with PVD and controls were analyzed with BMI as a continuous variable and also categorically. In the overall cohort, leptin positively correlated with BMI (r s ϭ 0.71, P Ͻ 0.0001), and the relationship of BMI with IL-8 (r s ϭ Ϫ0.42, P ϭ 0.03) and resistin (r s ϭ Ϫ0.040, P ϭ 0.048) was negative (Tables 2 and 3 ). The profile of SC PGF 2␣ differed significantly in the overall cohort when subjects were grouped by BMI and was approximately fivefold higher when BMI was over 35 (P ϭ 0.005) ( Table 2 ). In the vascular disease cohort, BMI was not significantly associated with any specific lipid mediator and differences in SPM levels in SC fat were not directly related to BMI or beta blocker treatment. Control patients (no confounding PVD) exhibited significant positive relationships between BMI and 18-HEPE (r s ϭ 0.76, P ϭ 0.007) and 14-HDHA (r s ϭ 0.66, P ϭ 0.03) ( Table 3 ). In peri-wound fat, BMI negatively correlated with PGE 2 (r s ϭ Ϫ0.88, P ϭ 0.004) ( Table 3 ). Finally, deficient LXA 4 and RvD2 levels accompanied by augmented levels of LTB 4 was a hallmark of peri-wound SC fat from patients with a BMI higher than 25 (data not shown).
DISCUSSION
In the present report we described the results of the first study that addresses the identification and distribution of local chemical lipid mediators of inflammation resolution in different anatomically localized fat depots. Specifically, we focused on identifying by means of a LC-MS/MS-based metabololipidomic approach the signature profile of established SPM derived from polyunsaturated fatty acids of the omega-6 and omega-3 series, namely lipoxins, resolvins, protectins, and maresins (e.g., LXA 4 , RvD1, RvD2, PD1, and RvE1) as well as their intermediate and pathway markers 17-HDHA and 18-HEPE. The study was performed prospectively in adipose tissues collected from patients with PVD undergoing major lower extremity amputation and a control group of patients that underwent total hip or knee replacement. By utilizing these real-world patient cohorts, we obtained direct evidence of major phenotypic differences in the profile of adipose tissue lipid mediators among different fat depots and among different stages of disease.
Adipose tissue fulfills a wide range of functions including metabolic and blood pressure regulation and others (37) . Adipose tissue localizes focally throughout the body, and it can be categorized into three gross anatomic depots: visceral, SC, and PV (34) . While adipose tissue was historically considered a homogenous organ, fundamental differences among fat depots have been reported (24, 37) . Although visceral adipose is now recognized to be central to metabolic diseases and to have a more negative impact on health than other fat depots (37) , these data cannot be appropriately extrapolated to reflect the status of all adipose tissue depots. Therefore, the characteristics of SC and PV adipose depots in terms of inflammatory/antiinflammatory lipid mediator production are a potential missing link in the role of adipose tissue in PVD. In our metabolo- lipidomic analysis, we found that SC adipose from patients with PVD had deficient levels of PD1 and its intermediate precursor 17-HpDHA marker, 17-HDHA, a specialized proresolving mediator with potent protective actions in vascular inflammation (20) . This deficit in anti-inflammatory and proresolving mechanisms is consistent with our recent study demonstrating an enhanced inflammatory status in SC adipose tissue from PVD patients (19a) . Unexpectedly, BMI did not appear to have a dominant effect on the levels of adipose tissue-derived lipid mediators in PVD patients. In these patients, only PGF 2␣ and PGE 2 levels differed significantly when patients were grouped by BMI. Further studies are needed to ascertain the pathological relevance of this observation and whether this finding is specific of PVD patients.
A key feature of the present study was that lipid mediators were determined in parallel with adipokine concentrations in SC fat from patients with PVD and controls. Since PVD patients showed increased inflammatory adipokine (i.e., MCP-1, resistin, and PAI-1) in parallel with reduced anti-inflammatory SPM levels, we suspect that an imbalance in the formation of anti-inflammatory mediators is a determinant of adipokine secretion in vascular disease. Indeed, the ability of SPM including RvD1, RvE1, and PD1 to regulate adiponectin secretion has been established earlier in murine adipose tissues (5, 11, 14) . Moreover, RvD1 significantly reduces adipose leptin, TNF-␣, and IL-1␤ secretion (5). Both RvD1 and LXA 4 inhibit IL-6 secretion while inducing the anti-inflammatory cytokine IL-10 (4, 5). The existing link between SPM and adipokines is illustrated in Fig. 5 . The fact that we did not identify any inverse correlations between adipokine and individual SPM levels suggests that they possess separate signaling pathways.
A major finding of our study was that we obtained results supporting the presence of an enhanced biosynthetic capacity of adipose tissue-derived SPM in PV fat. Perivascular adipose tissue surrounding systemic vessels holds particular relevance to vascular biology in view of its tissue mass, anatomic proximity, and emerging role in vascular pathologies (23) . In our cohort of PVD patients, we found that PV adipose tissue displayed higher SPM levels than SC, suggesting activation of resolution circuits in this localization. Whether this signature is specific for patients with PVD is unknown, mainly because the availability of PV fat samples is a major limitation in extending this observation to healthy control subjects. The finding of increased biosynthesis of mediators of resolution in PV fat is in line with our recent study showing a specific adipokine signature in an amputation PVD patient cohort, with the PV adipose displaying relative less inflammation than SC adipose (19b) . It is important to note that apart from LTB 4 , a potent leukocyte chemoattractant (25) , the formation of inflammatory prostanoids in the PV and SC depots is essentially similar.
Lipid mediators such as the eicosanoids (prostaglandins and leukotrienes) are in general proinflammatory autacoids (25) , as are the proresolving mediators (29) . In this regard, the SPM autacoids are made locally, act in their surrounding tissue milieu, and are metabolically inactivated. Both RvD1 and RvD2 are further metabolically converted by adipose tissues to oxo-Rv products (5) . Some of the oxo-Rv products are inactive while others retain their proresolving actions. In the present studies, we identified LM within fat tissues. Hence, the temporal metabolic flux in these metabolic pathways may have been altered in fat tissues in that the LM such as Rv, MaR1, and PD1 may be trapped within the adipose, giving rise to either a proresolving or proinflammatory tissue status depending on the levels of individual LM. Unfortunately, our patient study design did not allow the assessment of the dynamic changes in lipid mediator generation and measurements were made at only one time point. It is likely that there are temporal changes in both proinflammatory and proresolving lipid mediators in human adipose as demonstrated in temporal analyses of self-limited resolving exudates in mouse peritonitis (1) . Analyses of temporal relationships between the families of lipid mediators in human adipose remain of interest. Nonetheless, their documentation herein provides a critical initial step.
The results showing enhanced levels of lipid mediators with both pro-and anti-inflammatory properties in peri-wound foot fat from patients with PVD and concomitant open foot ulcers are intriguing. Fibrosis reflects postinflammatory scarring of the tissue as the tissue capacity for repair is overwhelmed and normal functional parenchyma is replaced by extracellular matrix (39) . Matrix accumulation in this context arises in response to paracrine and autocrine mediators, resulting in fibroblast activation and accumulation and transition of epithelial cells, endothelial cells, and pericytes to a more mesenchymal phenotype (39) . While proinflammatory lipid mediators such as LTs and PGs activate fibrogenic responses in solid organs including skin, lung, liver and kidneys (9) , administration of SPM analogs or mimetics of these endogenously produced biotemplates has been shown to exert both anti-inflammatory and antifibrotic activities (3, 6). Therefore, the observed overproduction of SPM by peri-wound foot fat is suggestive of a parallel counterregulatory mechanism of the exacerbated induction of proinflammatory and profibrogenic pathways. Given the strong chemotaxic effect of LTB 4 and specific high-affinity binding to BLT1 receptors on human neutrophils, which also binds RvE1 and RvE2, LTB 4 may override the anti-inflammatory actions of SPM in peri-wound SC fat tissue at a given time point during inflammation (38) . An alternative explanation is that SPM, which also restore tissue homeostasis (12) and divert organ fibrosis (6), can promote the healing process by stimulating wound closure in skin connective tissue and their actions on resolving macrophages (33) . Indeed, recent findings support a role for SPM in promoting wound healing in diabetes (13, 21) and in preventing secondary thrombosis and necrosis in a mouse burn wound model (2) . In summary, this investigation establishes the first phenotypic differences in the capacity and levels of specific proresolving mediators between adipose tissue from patients with end-stage PVD and a control patient cohort. In addition, this study identifies a remarkable structural heterogeneity among different human fat depots and among different clinical stages of the disease. The relevance of our present findings is highlighted by the recent identification and presence of biologically active concentrations of these proresolving mediators of selflimited resolution of inflammation in serum and plasma in healthy subjects with omega-3 fatty acid supplementation (19) . Fig. 5 . Functional relationship between SPM and adipose tissue-derived adipokines. During the process of resolution, long-chain polyunsaturated fatty acids (i.e., eicosapentaenoic acid, docosahexaenoic acid, and arachidonic acid) are converted into potent anti-inflammatory and proresolving SPM including protectin D1, resolvin D1, resolvin E1, and lipoxin A4. In the inflamed adipose tissue, these SPM are able to regulate the secretion of adipokines by adipocytes and macrophages from the stromal vascular cell (SVC) fraction. The biosynthetic pathways are illustrated here in abbreviated fashion. For complete details on biosynthesis and stereochemical assignments, see recent reviews (29, 32) . IL, interleukin; TNF-␣, tumor necrosis factor-␣; COX-2, cyclooxygenase-2; Cyt P450, cytochrome P450; 17-HDHA, 17S-hydroxy(peroxy)docosahexaenoic acid; 18-HEPE, 18-hydroxyeicosapentaenoic acid; 15-HETE, 15-hydroxyeicosatetraenoic acid.
